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A micro-sphere array optic was employed for laser surface micro-structuring. This array optic
consists of a hexagonally close-packed monolayer of silica micro-spheres. It was organized
through a self-assembly process and held together on a glass support, without using any adhesives.
The array assembly was then reversed, placed in direct contact with the substrate and exposed to
515 nm, 6.7 ps laser pulses. During the exposure, the silica spheres act as micro-lenses, which
enhance the near-field light intensity underneath them. As the spheres are confined in the space
between the substrate and glass support, they are not ejected during laser machining. Using this
type of direct write laser machining, a large number of identical features (nano-holes) can be
produced in parallel simultaneously. The holes drilled are a few hundred nanometres in diameter
and the depth depends on the number of laser pulses applied. The impact of laser machining on the
micro-spheres was also studied. The micro-spheres were contaminated or partially damaged after
micro-structuring. Combination of a moderate laser pulse energy and multiple shots was found to
ensure a good surface structuring quality and minimum damage to the spherical particles. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4767471]
I. INTRODUCTION
Ordered monolayers, made of micro-spheres, have inter-
esting scientific and technological applications, mainly in the
fields of photonics1 and micro-/nano-fabrication.2 Laser pat-
terning using a contact particle lens array (CPLA) is a near
field technique, which has been extensively investigated.3 In
this method of laser surface patterning, spherical particles are
spread in the form of a monolayer over the substrate surface
to be machined. Subsequently, the layer is irradiated by laser
(termed “direct CPLA” hereinafter for clarity). By laser inter-
action with the spherical particles, intensified optical fields are
generated at the contact point of the sphere with the surface
and cause substrate material ablation and removal. Although
this method has been used to fabricate sub-micrometre or
nano-holes on polymer,4,5 metal,6–8 semiconductor,9,10 and
dielectric substrates,11–13 there are some significant limitations
to this kind of laser processing. A prerequisite is that the sub-
strate has to be hydrophilic to allow a monolayer to be formed
by the self-assembly process.14 Therefore, hydrophobic surfa-
ces or water soluble material cannot be patterned in this way.
Moreover, the spherical particles detach, i.e., eject from the
substrate after a single laser shot.15 Thus, laser multi-shot
processing is not feasible. Additionally, the re-deposition of
the detached particles will contaminate the monolayer assem-
bly in the vicinity of the laser spot. Hence large area structur-
ing is difficult to achieve.
Transportable contact particle lens array (termed here as
transportable CPLA) was devised by Khan and O’Connell
independently.5,16,17 In their studies, the experiments can be
generalized into a four-step procedure: (1) close-packed
monolayer of silica spherical particles were assembled on a
hydrophilic surface first, and (2) then held together by an ad-
hesive and supported by an intermediate medium such as a
fused silica glass or a polymer tape (termed CPLA-support for
clarity); (3) these spherical particles along with the CPLA-
support were then transported onto the substrate (the free sur-
face of the sphere is now in direct contact with the substrate to
be laser machined) and subsequently in step (4) the system
was irradiated by a laser in a conventional manner, except that
the laser beam passed through the CPLA-support. This con-
cept addresses the limitations of conventional laser micro-
structuring by means of direct CPLAs. Especially when a
flexible tape was used as the CPLA-support, the spherical par-
ticle array can be applied onto non-flat surface for laser textur-
ing.16 One the other hand, when using transportable CPLA,
the adhesive and CPLA-support have to be chosen with great
care. For instance, both the adhesive and the CPLA-support
have to be transparent to the laser light. This becomes a prob-
lem when short laser wavelength is used (i.e., 248 nm or
266 nm) since the adhesives are commonly made of polymer
materials which have a limited transparency in the UV. Even
where a highly transparent adhesive is used, partial absorption
of the laser energy by the CPLA-support or by the adhesive
may still cause their temperature rising and consequently may
result in damage of the CPLA-support and the adhesive.
CPLA-support melting and re-deposition of the molten
CPLA-support on substrates have been observed.16
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In this study, we propose an alternative for transportable
CPLA for laser-based micro-/nano-structuring, which will be
discussed in Secs. II C and II D. This transportable CPLA is
easy to prepare and it does not require any adhesives or an
intermediate supporting medium. Thus, this transportable
CPLA can be used with lasers of all wavelengths. This trans-
portable CPLA can also be used for multi-shot laser process-
ing, which makes it possible to realize in the future large
area laser processing using this transportable CPLA by over-
lap scanning. In this work, we studied laser multi-shot irradi-
ation and the evolution of surface morphology with
increasing number of laser shots.
Because the spheres are in direct contact at places where
laser ablation takes place, the spheres are exposed to extreme
conditions brought by laser ablation, i.e., very high tempera-
tures and shock pressures, etc. Depending on the machining
conditions, sometimes an enhanced optic field occurs even at
the surface of the spheres.11–13 Although attention should be
paid to the impact of the laser structuring process on the
spheres, to the best of authors’ knowledge, such investigation
has not been published. The results of this work reveal that
the spheres are indeed susceptible to damage. Both re-
deposition and damage are observed on the surface of the
micro-spheres, at the vicinity of the contact points. There-
fore, despite the fact that the micro-sphere array is re-usable,
the life-time is limited. The damage can be minimized by
reducing laser pulse energy. Nonetheless, as they are easy to
assemble, new transportable CPLAs can always be prepared
prior to laser texturing process.
II. EXPERIMENTAL SETUPAND MATERIALS
A. Materials
The substrate used in this study was a single side pol-
ished (100) silicon wafer lightly doped with phosphorus. The
wafer thickness was 0.55mm and the average surface rough-
ness Ra was less than 1 nm. The surface of the as-received
silicon substrate was slightly hydrophobic. No pre-treatment
to the surface was done prior to the laser structuring
experiment.
The monolayer of the spherical particle lens array was
formed from silica micro-spheres obtained from microPar-
ticles GmbH, Germany (diameter 1.3 lm with a standard
deviation of 40 nm, refractive index n¼ 1.4). The silica
spheres were supplied as a 5wt. % suspension of particles in
water.
A 1mm thick glass slide (soda lime microscope glass
slide) was used as the smooth surface and sphere support for
the monolayer assembly. In order to clean the surface, the
glass was first ultrasonically cleaned in ethanol and then in
isopropyl alcohol (IPA), for about 5min each. The glass was
then rinsed in deionised water and dried in a flow of pressur-
ized air. The glass slides transmit 93% of the total incident
laser energy at 515 nm.
B. Equipment
A frequency-doubled Trumpf TruMicro 5050 Yb:YAG
laser, wavelength 515 nm obtained using a Second Harmonic
Generation unit, 6.7 ps pulse duration, with an average maxi-
mum power of 25W at 400 kHz repetition rate was used for
these experiments. In actual experiments, a lower repetition
rate was chosen and the pulse energy was optically attenu-
ated. The linearly polarised laser beam was guided over the
samples by a two-mirror galvo scanner system (IntelliScan
14 from Scanlab GmbH, Germany) and focused by a telecen-
tric f-theta lens (Ronar of Linos, Germany), of 100mm focal
length.
The sample surface was characterized by SEM (JEOL
Neoscope JCM-5000) and a confocal laser scanning micro-
scope (CLSM, VK9710 of Keyence, Japan), for morphologi-
cal study and for measuring the depth of the patterns,
respectively. The micro-spheres are made of dielectric mate-
rial. Therefore, for SEM evaluation of the spheres, a thin
gold coating of some 10 nm was sputtered on the surface of
the micro-spheres before SEM analysis.
C. Micro-sphere array preparation and transportation
The deposition of the spherical particles was carried out
in a way as described by Micheletto et al.18 Drops of the sus-
pension containing the micro-spheres were applied on the
cleaned surface of the glass slide. The glass slide was then
tilted by 9 with respect to the horizontal direction and stored
inside a glass beaker to slow down water evaporation. The
evaporation step took a few hours. During drying, the micro-
spheres arranged themselves in a hexagonal close-packed
array under capillary forces.14,19
Next, the monolayer formed on the surface of the glass
was then reversed and laid onto the substrate for laser
micro-/nano-structuring (see Figures 1(a) and 1(b)). The
micro-spheres stay in place in this step—they are held on the
glass slide by Van der Waals force, which is much larger
than gravity force and the system is rigid to external agita-
tions.20 As the intensified light field exists in a space, only a
few hundred nanometre directly underneath the sphere, for
laser structuring it is important to ensure a seamless contact
between the spheres and substrate. As reported elsewhere,14
there is always a region with a multi-layer of micro-spheres
on the glass slide and this multi-layer region should be care-
fully kept out of the contact zone.
The laser power was measured after the laser beam
passed through the glass slide and the monolayer of micro-
spheres. The transmission is 54%. The loss is due to a combi-
nation of reflection and scattering.
D. Laser processing
The laser beam had a Gaussian power density profile
with a focal spot size of about 15 lm. The substrate surface
was positioned in the laser focal plane. Laser structuring was
performed in a clean room under atmospheric conditions.
The laser pulse energy given in the paper is the total pulse
energy released onto the sample. The loss of the laser pulse
energy in the optical path will be taken into account while
calculating the laser fluence underneath the micro-sphere.
During irradiation, the laser beam passed through the glass
slide support (see Figure 1(c)) and by interaction with the
spheres intensified spots were generated in the near field
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(details are discussed in Sec. III A). Each of the high inten-
sity spots generated a feature on the substrate surface. At
each location, single laser shot as well as multiple shots were
used to structure the substrate.
A schematic representation of the experimental proce-
dures is drawn in Figure 1. The procedure introduced in this
paper has following features: (1) it is easy to assemble; (2)
both spherical particles and the CPLA-support are made of
silica, therefore, they transmit UV light, which makes this
transportable CPLA suitable for surface patterning using
short laser wavelength (Excimer lasers for instance); (3) it
withstands high laser fluence. Compared to the other trans-
portable CPLAs reported in literature,5,17 the one applied in
this paper is simpler and quicker to assemble since it does
not require any additional adhesion or an intermediate sub-
stance as CPLA-support.
It is noted that the focal distance is longer with the pres-
ence of the glass slide in the optical path. The actual focal
plane for the experiments reported in this paper was identi-
fied experimentally: trial ablation on silicon was carried out,
with a glass slide laid on the top of the silicon substrate
(without micro-spheres). A series of ablation was made at
gradually lengthened distance between the laser scanner and
the sample surface. The distance at which ablation craters
with minimum diameter were produced was defined as the
focal length. In our experiments, this actual focal distance is
0.3mm longer than the free space focal distance. The micro-
spheres may also influence the position of the focal plane.
However, the influence of the micro-spheres was neglected
since the dimension of the micro-spheres is much smaller
than that of the glass slide.
III. RESULTS AND DISCUSSION
A. Near field modelling
It is not obvious that a thick glass slide carrier with
micro-spheres underneath can be used to focus the laser
light. Therefore, first of all, we wanted to verify whether this
setup could be used to focus the laser light efficiently. Sec-
ond, the spot size of the laser underneath a micro-sphere is
of interest, which is desirable when laser fluence underneath
a sphere is to be estimated. Geometrical ray tracing is not ap-
plicable here since the size of the optics (the micro-sphere)
is comparable to the wavelength of the light. Furthermore, it
has been well documented that near-field effects can be pre-
dominant when a dielectric sphere is used as a micro-lens,
even when the size of the sphere is a few times larger than
the laser wavelength.21 In order to study the distribution of
the electromagnetic field in and underneath the dielectric
particle, the optical near-fields around a silica particle and on
silicon substrate were simulated using commercially avail-
able software Lumerical-FDTD. This software is a 3D Max-
well solver employing the finite-difference time-domain
(FDTD) method.22 At 515 nm wavelength, silicon presents a
strong absorption by linear inter-band processes.23 This has
been taken into account in the simulation. Figure 2 illustrates
the initial condition of the simulation. In the calculation, an
isolated silica sphere is considered. It is sandwiched between
a glass slide and a surface polished silicon substrate. The
slab shown in white is the silica glass. The optical index of
the glass is 1.4615 at 515 nm wavelength. The sphere has the
same index as the glass slab and is 1.3 lm in diameter. The
silicon substrate (pink in colour) is considered to have infi-
nite thickness. The complex index of refraction of silicon
was set to 4.224þ 0.06i. The blue arrow indicates the direc-
tion of laser polarization (denoted by E0) and the purple
arrow indicates the laser propagation direction (denoted by
vector k). Because the laser focus spot size is large compared
to the size of the micro-sphere, a plane wave is taken to rep-
resent the laser light for the sake of simplicity. As an initial
condition, the maximum laser pulse energy used in the
experiments is taken for calculating the strength of electric
field E0. The region encircled in the brown rectangle is the
FDTD simulation domain.
The calculated electromagnetic field around the silica
sphere and the energy absorption inside the silicon substrate
are shown in Figure 3. The laser polarization is along the
x-axis and the propagation is along the z-axis. Figure 3(a)
and 3(b) present the optical field in the system, in x-z and
FIG. 1. Schematic drawing of the sequential steps in laser micro-/nano-structuring using an adhesive-free, transportable micro-sphere array. (a) A monolayer
of micro-spheres is deposited and self-assembles on a glass slide; (b) the assembly is reversed and laid onto the silicon substrate; (c) laser structuring through
the glass slide. The inset in (c) indicates the focus position underneath the sphere (see also Figure 3).
FIG. 2. Schematic diagram of the simulation configuration, a carrier-
supported sphere on Si surface.
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y-z planes. One can see that there is an intensified electric
field inside the silica sphere. The free-electron density in
such an electric field can reach 1022m3. Based on a Drude
approximation of the dielectric function, this density is not
sufficient to induce a strong change of the refractive index of
the silica sphere.24,25 From these graphs, an intensified elec-
tric field can also be observed inside the silicon substrate.
The intensity immediately underneath the surface of silicon
substrate is a few times that of the incident laser field. In
addition, in x-z plane, a distribution that corresponds to an
electric dipole appears underneath the sphere but it is located
sideways along the surface of the silica sphere (close to the
contact point between the sphere and silicon surface, aligned
to laser polarization direction). This electric dipole distribu-
tion is related to Mie scattering.21,26 Figures 3(c) shows the
absorbed power density inside the silicon substrate. The
power density is integrated along the z-axis. It can be seen
that the incident laser energy is absorbed by the silicon sub-
strate, in an almost circular-shaped area slightly smaller than
400 nm along both x and y axes.
Assuming the absorption area circular in shape and
400 nm in diameter, the local laser fluence underneath a
micro-sphere can be estimated. The laser energy on a micro-
sphere within the laser spot is given by Qs¼Qp(r/x0)2,
where Qs is the energy deposited on a micro-sphere, r and x0
are the radii of the micro-sphere and laser focus spot, and Qp
is the laser pulse energy, from 0.2 lJ to 1.6 lJ in the experi-
ments. The local laser fluence under the micro-sphere Fs is
given by Fs¼Qs/(pa2), where a is the radius of the absorp-
tion area underneath a micro-sphere. The local laser fluence
underneath the micro-spheres Fs is 0.6 J/cm
2, 1.2 J/cm2,
2.4 J/cm2, and 4.8 J/cm2, for laser pulse energy Qp of 0.2 lJ,
0.4 lJ, 0.8 lJ, and 1.6 lJ, respectively. The loss of the laser
energy in the optical path has been taken into consideration
in the calculation. The laser fluence Fs is higher than the
ablation threshold of 0.1 J/cm2. Therefore, ablative material
removal is expected in the experiments.
The morphology of the silicon surface will change after
laser irradiation and this change will modify the electric field
distribution.7 The initial simulation conditions used in the
FDTD simulation will be violated when the silicon surface is
no longer flat. Therefore, the simulation results will concern
only a single/first laser pulse irradiation at the virgin silicon
surface.
B. Laser structured silicon substrate
The SEM images in Figure 4 show some typical laser
micro-structured surfaces created by means of a transport-
able CPLA. The centre of the image is roughly correspond-
ing to the centre of the laser spot. Pulse energies of 0.2 lJ,
0.4 lJ, 0.8 lJ, and 1.6 lJ were applied to produce these sam-
ples, by single shots. With laser pulse energy in the range of
0.2 lJ to 1.6 lJ, similar circular-shaped features with pitch
corresponding to the spacing of the spherical particle array
are generated on the substrate. At the lowest pulse energy
applied (0.2 lJ, see Figure 4(a)), only subtle imprints are
observed in SEM images, without any pronounced material
removal. The appearance of the circular marks is thought to
result from silicon amorphorization.27 The circular features
made with laser pulse energy of 0.4 lJ are better visible, see
Figure 4(b). Features are clearly seen on the substrate when
the laser pulse energy was raised to 0.8 lJ, see Figure 4(c).
The diameters of the circular-shaped features at the centre of
the image were measured to be equal to 390 nm. This is in
reasonable agreement with the diameter of the beam below a
sphere in the simulation, as given in Figure 3(c). Measured
from the irradiation centre outwards radially, the size of the
features decreases slightly. Also the features in the centre of
the irradiated zone have sharp edges compared to those in
the peripheral area. This is probably due to a stronger inter-
action occurring at the centre of the irradiated area because
of the higher laser fluence at the centre of the Gaussian spot.
When the laser pulse energy exceeded 1.6 lJ, onset of silicon
melting was observed from the centre of the irradiated area,
i.e., small droplets appear in the centre of the circular fea-
tures, see Figure 4(d).
In the case of laser surface structuring by means of
direct CPLA, the spheres are normally ejected after a single
laser shot. This detachment may be due to the thermal expan-
sion of the substrate surface caused by the absorption of the
laser energy, which is proposed as the mechanism for re-
moval of similar-sized particles on a silicon surface under
FIG. 3. FDTD modelling of the propagation of laser light in a carrier-
sphere-silicon system; (a) and (b) laser field intensity in x-z and y-z planes,
respectively. The dashed lines are for visual aid, indicating material bounda-
ries. The scale bar represents the normalized intensity |E/E0|
2, (c) top view
of integrated absorbed laser power density in the silicon substrate.
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laser irradiation.20 At higher laser pulse energy, laser abla-
tion will occur and the detachment of the spheres may be
caused by ejection of the ablated material. Throughout this
study, we found that at low laser pulse energy, the spheres
are not removed from the glass support after repeated laser
shots. Hence, the transportable CPLA held on a glass support
can be used for laser structuring with multiple laser shots.
The SEM images presented in Figure 5 show the transport-
able CPLA itself after a laser structuring process. In Figure
5(a), three rectangular areas can be seen (indexed i, ii, and
iii). The samples in each rectangular marked area were made
with identical laser pulse energy, from top to bottom (areas
indexed by i, ii, and iii), 1.6 lJ, 0.8 lJ, and 0.4 lJ, respec-
tively. In each rectangle, four tracks were made with 1, 2, 4,
and 8 shots (from top row to bottom row), respectively. An
area in Figure 5(a) is marked and indexed with letter b,
which is magnified and shown in Figure 5(b). Partial detach-
ment of the spherical particles from the glass support has
been observed right after the first laser pulse, at a laser pulse
energy of 1.6 lJ (Figure 5(b)). At 0.8 lJ, only some of the
particles were ejected after 4 laser pulses and the number of
removed spherical particles is much smaller than at a laser
pulse energy of 1.6 lJ. It is believed that the spheres disap-
peared from the glass support were left on the surface of the
substrate during the laser process or during the separation of
the support and the substrate. The transfer of the sphere from
the glass support to the substrate may be caused by adhesion.
That is, the attractive force between the substrate and the
spheres is strong compared to the attractive force between
the spheres and the glass support. When the laser pulse
energy was 0.4 lJ and lower, the spheres were not removed
during laser irradiation, even after multiple shots. Therefore,
laser pulse energy 0.4 lJ is an upper limit to the process win-
dow for multiple-shot large area structuring.
The laser pulse energy which allows multiple-shot proc-
essing was further investigated. The SEM images in Figure 6
illustrate the evolution of the features with increased number
of laser shots. The samples were made with laser pulse energy
of 0.4lJ and 0.2lJ. As discussed above, at 0.4lJ, circular
features are observed on the substrate after a single laser shot,
FIG. 4. Typical laser micro-/nano-structured surfaces. The features were made with single laser shots and laser pulse energy of (a) 0.2 lJ, (b) 0.4lJ, (c) 0.8lJ,
and (d) 1.6lJ.
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FIG. 5. Spherical particle array on glass support, after laser processing. In each rectangle in (a), the laser pulse energy applied was, from top to bottom, 1.6lJ,
0.8lJ, and 0.4 lJ, respectively; the area indexed with letter b is further magnified and displayed in (b) particle detachment at 1.6lJ.
FIG. 6. Features made with (a) 2 laser pulses and (b) 4 pulses, laser pulse energy 0.4lJ. (c) 4 pulses and (d) 8 pulses, laser pulse energy 0.2lJ.
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but no significant material removal is visible (Figure 4(b)). As
shown in Figure 6(a) after 2 laser pulses, a regular array of cir-
cular features with geometrical characteristic spacing corre-
sponding to that of the monolayer is obtained. There is no
evidence of displacement of the spheres after the first laser
pulse. Any displacement caused by the first laser pulse would
have caused formation of additional features at irregular loca-
tions by the second laser pulse. Further increasing of the total
number of laser shots at this pulse energy level led to silicon
melting. Melting was clearly observed on the sample that
received 4 laser pulses (Figure 6(b)). The melting took place
at the centre of the irradiation area, where the Gaussian inten-
sity profile displays its peak fluence. At even lower laser pulse
energy 0.2lJ, pronounced material removal is observed after
8 laser pulses (Figure 6(d)). No evidence of significant silicon
melting has been identified at these conditions. These results
imply that this optic array can be used for large area machin-
ing, by laser scanning and overlapping laser pulses. Further-
more, it appears that there is a rather broad process window in
terms of the total number of laser shots per location, especially
at low laser pulse energy, for application of this technique to
large area machining.
The surface morphology of the features was studied
using CLSM. The 3D surface topology is presented in Figure
7(a). Figure 7(b) shows an extracted 2D profile along a sec-
tion of features. It is evident that bowl-shaped holes have
been produced. The uneven profile at surface level is due to
re-depositions of ablated material and localized recast at the
hole edge. Such a bowl-shaped profile has been identified for
all the features generated in the laser irradiated area, irre-
spective of the laser pulse energy evaluated, and irrespective
of the number of laser pulses applied. Unlike laser structur-
ing with direct CPLA reported in literature,9,10,21,27–29
“sombrero-type” bumps or hillock-type features, which pro-
trude from the substrate surface level are absent in our exper-
imental results. As stated in Sec. III A, the laser fluence
underneath the micro-spheres Fs is beyond the ablation
threshold and material removal from the silicon substrate is
expected. It is believed that the spheres which are in direct
contact with the substrate, during and after the material
phase transition provided spatial confinement. This sup-
presses the outflow of the ablated silicon from the centre of
the feature. The material re-deposition at the edges of
the holes (see Figure 7(b)) is indicating a radial flow of the
ablated material from the centre of the irradiated zone to the
peripheral areas. These factors together give rise to the for-
mation of bowl-shaped holes. The fact that bowl-shaped fea-
tures without protrusion are produced by this process may be
desirable in certain applications, such as friction reduction at
silicon surfaces, where bowl-shaped holes can serve as lubri-
cant reservoirs and as traps to capture wear debris.30
The depths of the bowl-shaped holes were measured and
plotted against the number of applied laser shots and are pre-
sented in Figure 8. Each data point represents an average
value of measurements made at ten different holes selected
from the centre of a structured area. In the case melting took
place at the centre of the laser structured area (see Figure
6(b), for an example), the measurements were made on the
holes situated in areas adjacent to the central melting zone.
Comparison of the depth of the holes made by single shot at
different laser pulse energy shows a noticeable difference
between low pulse energies (0.2 lJ and 0.4 lJ) and high
pulse energies (0.8 lJ and 1.6 lJ). The reason accounting for
the difference is that the thermal affect is no longer negligi-
ble at high laser pulse energies, which correspond to high
local laser fluences Fs. The ablation behaviour of ultra-short
laser pulses is laser fluence dependent. Thermal transition
happens at high laser fluence, which leads to a significant
heat diffusion and increased material removal.31 A thermal
transition fluence of 1.1 J/cm2 has been reported for picosec-
ond laser (7.3 ps and 515 nm) ablation of crystalline sili-
con.32 In our study, at pulse energy of 0.2 lJ and 0.4 lJ, the
local laser fluence underneath the micro-sphere, Fs of 0.6
and 1.2 J/cm2, is smaller than or close to the transition flu-
ence. Therefore, the thermal effect was insignificant. On the
other hand, at pulse energy of 0.8 lJ and 1.6 lJ, the local
laser fluence of 2.4 and 4.8 J/cm2 is higher than the transition
fluence, leading to an increased material removal rate. The
correlation between hole depth and laser pulse energy (or
corresponding fluence Fs) is in accordance with the litera-
ture.32 From Figure 8, it can also be observed that the maxi-
mum hole depth is about 140 nm. With high laser pulse
FIG. 7. (a) 3D and (b) 2D surface profiles of a surface micro-structured after
2 laser shots. Laser pulse energy of 0.4 lJ. The 2D profile is obtained from
the dashed line pointed by the arrows in (a).
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FIG. 8. Correlation between number of laser shots and the depth of the holes
at different laser pulse energy levels.
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energy of 1.6 lJ and 0.8 lJ, this is achieved by a single laser
shot or after 2 shots. At lower laser pulse energy of 0.4 lJ
and 0.2 lJ, the hole depth increases with the number of laser
shots. A careful comparison of the amount of material
removed by individual laser pulses reveals that the material
removal by the first laser pulse is less efficient than by the
successive laser pulses. At low laser pulse energies, the first
laser pulses may initiate damage which acts as absorption
centre for the successive laser pulses. As a result, the laser
pulses following the precedent pulses are absorbed more effi-
ciently by the silicon lattice.33 Consequently, more efficient
absorption leads to more efficient material removal. The
increased drilling efficiency achieved after the first of a few
laser pulses may also be explained from the diameter of the
laser beams below the spheres, as a function of the distance
to the spheres. That is, the highest laser intensity below the
silica sphere is located approximately a wavelength away
from the surface of the micro-sphere (see the inset in Figure
1(c)). After the first laser pulse, laser focus position does not
change, since the spheres stay in their position. However, the
substrate surface has receded downward after the first pulse
due to material removal. Then the receding surface comes
closer to the laser focus. Therefore, stronger ablation can
take place for the successive laser pulses and hence leading
to more material removal.
C. Sphere array damage
The glass transition temperature for the silica spheres is
below 1200 C.34 The melting temperature of silicon is
1412 C.35 If such high temperatures are reached at the con-
tact points between the spheres and substrate, the spheres
will soften, deform, or even damage. Since the micro-
spheres resided on the glass support even after the laser pro-
cess in this research, it was possible to analyze the effect of
laser patterning on the spheres. The SEM images in Figure 9
show the micro-spheres before (Figure 9(a)) and after they
were used for laser processing. The spheres used for a single
shot and 8 shots, at a laser pulse energy of 0.2 lJ, are shown
in Figures 9(b) and 9(c). Compared to “un-used” spheres,
FIG. 9. SEM images showing (a) as-prepared spherical particle array; (b) the particle array after a single laser shot; (c) after 8 laser shots. The arrows in
(c) point at the damages on the micro-spheres. The laser pulse energy is 0.2lJ in (b) and (c). In (d), more remarkable damage is shown on the spheres at a laser
pulse energy of 0.6lJ, in a single shot.
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debris deposition was observed on the spherical particles af-
ter a single laser shot. The debris should originate from the
substrate after laser ablation. More deposition is noticeable
after 8 shots. Circular-shaped spots are visible on the spheres
after 8 laser pulses. These spots are smaller (diameter less
than 290 nm) than the circular features created on the silicon
substrate. The size of the circular spots on the spheres
increased at higher laser pulse energy. Figure 9(d) shows the
spheres used at a laser pulse energy of 0.6 lJ, after a single
shot. The size of the spots on these spheres is apparently
larger. The formation of these spots appears to be due to
local softening or melting of the silica spheres themselves. It
is also possible that the round spots are re-solidified silicon
melt, which was ejected from the substrate during laser irra-
diation. Additional surface topology information of the
spheres would help a better understanding of the formation
mechanism of these spots. This information has however not
been successfully obtained yet. Nevertheless, with such dam-
age and contamination present, the light focusing quality that
the sphere can provide for the successive laser pulses would
deteriorate. Hence the damage effect has to be given due
considerations in multi-shot laser processing. In order to re-
use this kind of transportable CPLA, the laser pulse energy
applied should be kept low.
IV. CONCLUSIONS
A simple, adhesive-free transportable micro-sphere
optic array was proposed for laser surface structuring. The
focusing optic consisted primarily of an array of silica
spheres assembled and mounted on a glass plate support.
This assembly is put in direct contact with the surface that is
to be laser structured. The substrate to be machined does not
need to be pre-treated prior to laser structuring. Since this
transportable CPLA does not require any adhesives or an in-
termediate support, there is no limitation to the laser wave-
length to be selected for surface structuring.
When illuminated, these spheres focus the incoming
laser beam and enhance the optical field at the contact points
of the spheres with the substrates surface. The results from
single shot experiments were shown to be in good agreement
with electromagnetic simulations of the radiation. At an
appropriate low laser pulse energy, the assembly is robust.
Arrays of nanometre-sized holes were drilled in the substrate
by multiple laser shots. Re-deposition of the substrate mate-
rial and damage of the spheres themselves have been
observed on the surface of the spheres after the laser structur-
ing process. Low laser pulse energy is found to be appropri-
ate for avoiding undesirable surface melting on the substrate
and to minimize damage to the spheres.
1M. Lopez-Garcıa, J. F. Galisteo-Lopez, A. Blanco, J. Sanchez-Marcos,
C. Lopez, and A. Garcıa-Martın, Small 6(16), 1757–1761 (2010).
2Y. Li, N. Koshizaki, and W. Cai, Coord. Chem. Rev. 255(3–4), 357–373
(2011).
3L. Li, M. Hong, M. Schmidt, M. Zhong, A. Malshe, B. Huis in’t Veld, and
V. Kovalenko, CIRP Ann. 60(2), 735–755 (2011).
4K. Piglmayer, R. Denk, and D. Bauerle, Appl. Phys. Lett. 80(25),
4693–4695 (2002).
5C. O’Connell, R. Sherlock, and T. J. Glynn, Opt. Eng. 49(1), 0142011–
0142014 (2010).
6K. Vestentoft and P. Balling, Appl. Phys. A: Mater. Sci. Process. 84(1),
207–213 (2006).
7Z. B. Wang, M. H. Hong, B. S. Luk‘yanchuk, S. M. Huang, Q. F. Wang,
L. P. Shi, and T. C. Chong, Appl. Phys. A: Mater. Sci. Process. 79(4),
1603–1606 (2004).
8N. I. Polushkin, Appl. Phys. Lett. 86(13), 132502–132503 (2005).
9G. Wysocki, R. Denk, K. Piglmayer, N. Arnold, and D. Bauerle, Appl.
Phys. Lett. 82(5), 692–693 (2003).
10Y. Lu, L. Zhang, W. Song, Y. Zheng, and B. Luk’yanchuk, JETP Lett.
72(9), 457–459 (2000).
11Y. Zhou, M. H. Hong, J. Y. H. Fuh, L. Lu, B. S. Luk’yanchuk, Z. B.
Wang, L. P. Shi, and T. C. Chong, Appl. Phys. Lett. 88(2), 023110–
023113 (2006).
12Y. Zhou, M. H. Hong, J. Y. H. Fuh, L. Lu, B. S. Luk’yanchuk, C. S. Lim,
and Z. B. Wang, J. Mater. Process. Technol. 192–193, 212–217 (2007).
13Y. Zhou, M. H. Hong, J. Y. H. Fuh, L. Lu, B. S. Lukyanchuk, and Z. B.
Wang, J. Alloys Compd. 449(1–2), 246–249 (2008).
14N. Denkov, O. Velev, P. Kralchevski, I. Ivanov, H. Yoshimura, and
K. Nagayama, Langmuir 8(12), 3183–3190 (1992).
15Z. B. Wang, W. Guo, B. S. Luk’yanchuk, A. Pena, L. Li, and Z. Liu, Proc.
SPIE 7005, 0S–11 (2008).
16A. Khan, Z. Wang, M. A. Sheikh, D. J. Whitehead, and L. Li, J. Phys. D:
Appl. Phys. 43(30), 305302 (2010).
17A. Khan, Z. Wang, M. A. Sheikh, D. J. Whitehead, and L. Li, Appl. Surf.
Sci. 258(2), 774–779 (2011).
18R. Micheletto, H. Fukuda, and M. Ohtsu, Langmuir 11(9), 3333–3336
(1995).
19P. A. Kralchevsky and K. Nagayama, Langmuir 10(1), 23–36 (1994).
20A. C. Tam, W. P. Leung, W. Zapka, and W. Ziemlich, J. Appl. Phys.
71(7), 3515–3523 (1992).
21H. J. M€unzer, M. Mosbacher, M. Bertsch, J. Zimmermann, P. Leiderer,
and J. Boneberg, J. Microsc. 202(1), 129–135 (2001).
22
LUMERICAL, Lumerical Solutions, Vancouver, 2003.
23E. D. Palik, Handbook of Optical Constants of Solids (Academic, 1985).
24N. M. Bulgakova, R. Stoian, A. Rosenfeld, I. V. Hertel, W. Marine, and
E. E. B. Campbell, Appl. Phys. A: Mater. Sci. Process. 81(2), 345–356
(2005).
25T. J. Y. Derrien, R. Torres, T. Sarnet, M. Sentis, and T. E. Itina, Appl.
Surf. Sci. 258(23), 9487–9490 (2012).
26T. Sakai, T. Miyanishi, N. Nedyalkov, Y. Nishizawa, and M. Obara,
J. Phys. D: Appl. Phys. 42(2), 025502 (2009).
27A. Pena, Z. Wang, D. Whitehead, and L. Li, Appl. Phys. A: Mater. Sci.
Process. 101(2), 287–295 (2010).
28Y. Lu, S. Theppakuttai, and S. C. Chen, Appl. Phys. Lett. 82(23), 4143–
4145 (2003).
29S. M. Huang, Z. Sun, B. S. Luk’yanchuk, M. H. Hong, and L. P. Shi,
Appl. Phys. Lett. 86(16), 161911–161913 (2005).
30T. Sakai, N. Nedyalkov, and M. Obara, J. Phys. D: Appl. Phys. 40(23),
7485 (2007).
31S. Weiler, U. Stute, S. Massa, S. Buettner, and B. Faisst, Proc. SPIE 6881,
1B–1 (2008).
32O. Haupt, V. Sch€utz, R. Kling, H. Nagel, S. Bagus, W. Hefner,
W. Schmidt, S. Massa, U. Stute, and T. Schlenker, Proc. ICALEO 28,
1181–1187 (2009).
33T. J.-Y. Derrien, Ph.D. dissertation, Aix-Marseille University, 2012.
34J. A. Bucaro and H. D. Dardy, J. Appl. Phys. 45(12), 5324–5329 (1974).
35Y. W. Zheng, B. S. Luk’yanchuk, Y. F. Lu, W. D. Song, and Z. H. Mai,
J. Appl. Phys. 90(5), 2135–2142 (2001).
103111-9 Sedao et al. J. Appl. Phys. 112, 103111 (2012)
Downloaded 27 Nov 2012 to 130.89.66.201. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
